Abstract-This paper presents a detailed characterization of sea/ocean clutter returns at X-band, imaged by TerraSAR-X (TSX) mission from the radiometric, statistical, and polarimetric standpoints. Different TSX data takes, covering the typical spaceborne incidence angle region (20
I. INTRODUCTION
T HE imaging capability of synthetic aperture radars (SARs), independent from daylight and weather conditions, represents a potential tool for globally monitoring the ocean. SAR is a very important forecast instrument in oceanography, allowing, among others, the retrieval of ocean wave spectrums [1] and the measurement of ocean or river current velocities [2] . Lately, the increase in vessel hijacking, as well as the need to control fishing and tanker polluting activities, demand remote sensing systems to properly monitor maritime traffic. SAR sensors with ground moving target indication (GMTI) capabilities are of great interest for ship surveillance [3] . Characterization and modeling of the sea clutter returns observed by SAR systems are of great interest for the accurate evaluation of future SAR missions imaging the sea. The availability of polarimetric SAR instruments, such as TerraSAR-X (TSX) or TanDEM-X (TDX), provides a unique opportunity to gather geophysical and biophysical information of the marine environment. This paper exploits different dual-pol (HH/HV) 1 and experimental quad-pol TSX data sets (covering 20
• -45
• of incidence angle) to perform a transversal (radiometric, statistical, and polarimetric) and compact study of the sea echo returns. To the authors' knowledge, such analysis has not been performed yet, exploiting the experimental quad-pol data from TSX.
The main stress of the study is to point out the different limitations that may be encountered when operating TSX, particularly in the quad-pol mode, where the dual receive antenna (DRA) acquisition is used [4] , such that the antenna is split into two halves (receiving H and V simultaneously) and the transmit polarization is toggled in a pulse basis. On one hand, there is an increase of 3 dB in the noise-equivalent-sigma-zero (NESZ) due to a reduced antenna effective area per channel, i.e., 3-dB loss in signal-to-noise ratio (SNR). On the other hand, a temporal lag exists between the different polarimetric channels, during which sea clutter decorrelates. The identification of such technological-driven aspects from the signal-based analysis proves to be of key importance in the correct interpretation of the polarimetric data when fitting physical-based models. In this sense, the X-Bragg model [5] , which extends the Bragg surface scattering to include the impact of depolarized and cross-polarized returns, has been optimized to account for such additional perturbations (noise + sea temporal decorrelations), based on a comprehensive theoretical formulation, leading to the extended-extended Bragg (X2-Bragg) model; otherwise, these additional decorrelation sources could produce an erroneous interpretation of the polarimetric backscattering properties when trying to fit the physical-based X-Bragg model to the experimental data.
The radiometric analysis, in terms of the radar backscattering coefficient σ 0 , shows that, in TSX, the thermal noise of the 1 H and V refer to horizontal and vertical polarizations, respectively.
0196-2892 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. receiver could be an important limiting factor for proper sea clutter characterization (statistical and polarimetric backscattering fitting), particularly in the case of quad-polarized acquisitions and for the spaceborne high-incidence region (36 • -45
• ) due to the reduced SNR conditions. The XMOD2 σ 0 [6] , optimized from TSX/TDX dual-pol data, provides a close fitting to the measured data also for the quad-pol case, where remaining calibration issues on the experimental DRA mode may induce additional errors [7] .
The statistical analysis based on the computation of the normalized intensity moments (NIM) [8] , and complemented by the log-cumulants' study [9] , [10] confirms deviation from Gaussian statistics for the high-resolution X-band system [8] , [10] - [13] , and mainly at incidence angles below 36
• , where sufficient SNR is available.
To evaluate the scattering properties of the sea when imaged by TSX, the polarimetric roll-invariant parameters, i.e., entropy H and mean scattering angle α described in [14] , as well as the polarization ratio (PR) metrics [10] , [15] , have been exploited. The results indicate that most of the acquisitions lie in the low to medium random surface scattering region, mainly due to the important contribution of nonpolarized returns, as indicated by H/α and PR analyses. The proposed X2-Bragg model shows a good fitting with the experimental data in the H/α plane, providing a mechanism to model the nonpolarized returns in terms of β 1 parameter, which is an indicator of the surface roughness (breaking waves events are known to cause an increase in surface roughness [8] , [16] ).
The remainder of this paper is organized as follows. In Section II, the TSX data set is presented. The methodology followed to perform the sea clutter characterization is introduced in Section III. In Section IV, the radiometric analysis in terms of radar backscattering coefficient is presented. Later on, the statistical description of the experimental data set is analyzed in Section V. To end up the transversal characterization, a complete polarimetric analysis is carried out in Section VI. Conclusions are drawn in Section VII. A comprehensive derivation of the proposed X2-Bragg model and its theoretical evaluation are considered in Appendixes A and B.
II. DATA SET DESCRIPTION
The main parameters of the stripmap products used in the analysis are summarized in Table I . The different data sets are made up of acquisitions from both the TSX and TDX instruments. Different aspects were considered for the selection of the data under analysis: 1) covering the spaceborne SAR operational range of incidence angles from 20
• to 45
• ; 2) avoiding heterogeneity in the reflectivity over the imaged area; 3) avoiding regions with high density of maritime traffic and/or marine littorals (because of the high ambiguities' impact in the DRA acquisition); and 4) when possible, polarimetric acquisition is preferred over single polarization.
The available fully polarimetric TSX data were acquired during the experimental DRA mode campaign, April and May 2010. It is well known that sea or ocean conditions, and hence their radar response, could be quite different depending on the geographical location of the marine scenario under analysis; this is why it has been tried to sample the acquisitions over different oceans (Atlantic and Pacific) and seas (North, Mediterranean, and China). For the nominal dual-polarization stripmap products, the absolute and relative radiometric accuracies are 0.6 and 0.3 dB, respectively; whereas for the quad-polarization products, there is no specification, since it is an experimental mode with few dedicated campaigns and additional investigations on the DRA calibration issues need to be considered [7] .
Portions of the images of three representative data takes (near/TSX-4, middle/TSX-7, and far range/TSX-17) are shown in Fig. 1 ; only copolarized channels (S HH and S VV ) are considered since the cross-polar returns are corrupted by the thermal noise. Data takes TSX-4, TSX-7, and TSX-17 correspond, respectively, to high-, medium-, and low-SNR scenarios, with mean values of 16.3, 10.9, and 3.7 dB for the copolar S HH channel. The average SNR estimated values are summarized in Table II for the different data takes, where the cross-polarized returns have low SNR (most of them around 1-5 dB). Data takes TSX-11 and beyond (incidence angle above 36
• ) have a higher impact of the thermal noise, as indicated by the reduced SNR conditions, even for the copolar channels. For TSX-4 [see Fig. 1(a) and (b) ], the local surface wind produces an Fig. 1 (c) and (d)], a more turbulent scenario is observed with a front propagating mainly in the diagonal direction. Turbulence, such as eddies or upwellings, could produce such response, bringing also some organic material (surfactants) to the surface [17] . At the highest incidence angle region, i.e., TSX-17, the HH channel has a noise-like pattern [see Fig. 1 (e)] compared with VV [see Fig. 1(f) ], where a wave pattern is roughly appreciated.
Ground truth data from the historical database of the National Data Buoy Center of the National Oceanic and Atmospheric Administration (NOAA) and the Canadian Moored Bouy of the Department of Fisheries and Oceans (DFO) are available only for some acquisitions, as indicated in Table I . The geographical location of the employed buoys matches the center of the acquired images, but the temporal sampling rate is not sufficient to determine the exact sea conditions. Typical differences on time are between 30 and 60 min before or after the acquisition time; however, in most cases, sea conditions are quite stable in a 4-h window around the acquisition time.
III. SEA CLUTTER CHARACTERIZATION METHODOLOGY
A software module has been implemented to automatically perform a complete and exhaustive characterization of the data based on the three-level approach (radar backscattering coefficient, 2 statistics, and polarimetry). This analysis module can accept as input a set of different data takes from different sensors, where each is processed sequentially.
The first submodule performs a radiometric calibration, based on the input product information as described in [18] , such that the intensity of the pixels at its output is related to σ 0 values. 3 In the next block, the area of interest (AOI) is selected, which is, to date, carried out simply by a visual inspection of the image product considering a rectangular AOI. Afterward, a subregion characterization based on a sliding window over this very AOI is performed. It is possible to define the size of such a sliding window and the overlapping in both range and azimuth dimensions.
For the statistical characterization and the normalized reflectivity σ 0 estimation, a window considering the whole azimuth strip for each range bin (range line basis) within the AOI has been selected. Therefore, the dependence of different descriptors with the incidence angle can be studied. For polarimetric decomposition, a rectangular sliding window of 11 × 11 without overlapping has been used to avoid mixing different scattering mechanisms and obtain adequate speckle filtering [19] . As proposed in [5] , an additive noise filtering (NF) (for quad-pol data) can be performed in order to reduce the noise impact. Then, the polarimetric description is performed before and after NF.
Prior to sub-AOI dependent characterization, specific filtering on the data can be optionally completed, 4 such that the impact of man-made structures present in the open sea (such as vessels, oil platforms, and wind farms) is minimized, avoiding corruption of the data analysis. A simple filter approach has been implemented: those pixels, whose magnitude y i
exceeds the mean statistical value μ subAOI in a given number of times β the standard deviation σ subAOI , are discarded. Both statistical moments are estimated from the available samples within the sub-AOI, whereas the β term is experimentally adjusted, with typical values between 2 and 6.
IV. RADIOMETRIC ANALYSIS (NRCS)
Most of the available semiempirical models of σ 0 (NRCS) are optimized for the low grazing region, based on groundbased radar observations. Therefore, they are not applicable for spaceborne SAR acquisitions typically at 20
• of incidence angle. Recently, two models have been proposed: the first one, the Naval Research Laboratory (NRL) [20] , is based on the Nathanson reference tables in [21] , covering the region of 30
• -90
• ; the second one, named XMOD2 [6] , has been optimized from TSX/TDX copolar data, for incidence angles from 20
• . XMOD2 provides σ 0 values at VV, and thus, PR models should be used to retrieve the HH component. In [6] , three models (T-PR, E-PR, and X-PR) have been adjusted for copolarized TSX data.
The estimated σ 0 for the different data takes is depicted as a function of the incidence angle in Fig. 2 for the copolar channels. A sliding window in a range line basis is used, i.e., σ 0 is averaged using all the azimuth samples in a range bin. The sea return decreases as a function of incidence angle, where the S VV channel has, in general, a higher backscattering than S HH . Cross-polar channels, not reported due to space limitations, have low σ 0 values, close to noise level. NESZ is also reported for the different data takes as dotted black lines in Fig. 2 , which can help in understanding the impact of the thermal noise on each data take and thus the related SNR metric (estimated average values are reported in Table II ). Comparing the NESZ of quad-pol data with dual-pol acquisitions (e.g., TSX-6 versus TSX-8), a degradation around 3 dB is observed due to the DRA mode operation. Therefore, the increase on NESZ (or decrease in SNR) for quad-pol data will impair the proper characterization of the sea clutter using TSX data. For some data takes (e.g., TSX-11, TSX-12, TSX-15, and TSX-16), and due to their reduced SNR conditions (≈2-5 dB), the effect of the antenna elevation pattern at the edges of the corresponding subswath can be clearly appreciated.
In Fig. 2 , the range of copolar values predicted by the NRL and XMOD2 models for a sea surface wind speed range of 0.1-20 m/s is indicated by the shaded regions, delimited by dash-dot-dot and dashed gray lines, respectively. In the XMOD2 case, an average of the upwind, crosswind, and downwind conditions has been considered. Moreover, the expected values for HH have been also averaged for the different PR models (T-PR, E-PR, and X-PR). For data takes with ground truth information, the NRL model has an average deviation w.r.t. the estimated values of 6.92 and 5.11 dB for S VV and S HH channels, respectively; whereas XMOD2 presents a mean error of 0.98 dB for S VV ; and for the S HH channel, the average de- viations are 1.12, 1.23, and 2.63 dB for T-PR, E-PR, and X-PR, respectively. This divergence between the VV and HH returns (also among the different PR models) has been observed when retrieving wind speeds from TSX/TDX VV-only data and HHonly data as noted in [6] , exploiting XMOD2 and PR models.
Since the available information of the sea conditions does not correspond precisely to the time of acquisition, some error could be introduced in the inversion of σ 0 for the theoretical models. The NRL parametrization uses only two Nathanson tables [21] , at 30
• and 60
• of incidence angle, whereas five tables are used to model reflectivity at incidence angles greater than 80
• [20] . Therefore, a degradation in properly modeling σ 0 is expected when considering typical spaceborne geometries with 20
• . In case of XMOD2, which agrees much better with the estimated values, the source of discrepancy should be also related to the fact that this model has been optimized for a given set of TSX/TDX copolarized acquisitions, not for quadpol data. Moreover, the quality of such experimental data (DRA operation) should be carefully reviewed, particularly taking into account that some calibration issues have been highlighted when retrieving the fore and aft signals from the sum and difference ones [4] . The calibration procedure proposed in [4] has been applied for the along-track interferometric mode, where the receive polarizations of the two halves of the antenna are the same, but no investigations have been made for the quad-pol case (different polarizations in the fore and aft halves). Hence, and as stated in the TSX product specification [7] , the DRA specific instrument characteristics have to be further investigated for full calibration. From these results, it is clear that an optimization of both the XMOD2 and the different PR models is needed for quad-polarized data, using a wide data set with in situ buoy measurements and considering further efforts in instrument calibration for the fully polarimetric operation.
V. STATISTICAL ANALYSIS
For low-resolution radars and grazing angles typically above 10
• (incidence angles less than 80 • ), the amplitude (or magnitude) statistics of the sea returns have a "speckle"-like pattern [8] , [11] , i.e., Rayleigh distributed in amplitude. For higher resolution systems, the statistical description of the echo returns deviates from the Gaussian hypothesis, having a target-like response with more heavy-tailed distributions [8] , [11] . This non-Gaussian clutter has been commonly described, among others, by log-normal and Weibull distributions [12] , [13] . K-distribution, which provides also a good description of the sea clutter magnitude for high-resolution radars [8] , [11] , has been theoretically justified on the basis of the compound model [8] . Table III lists the probability density functions (PDFs) and the related parameters for the log-normal, Weibull, and K distributions. Y refers to the amplitude (absolute value) of the singlelook ith polarimetric channel S i (complex data), either S HH , S VV , or S HV (polarization states in reception and transmission are indicated by the first and second subindexes, respectively). Fig. 3 (a) and (b) show the fitting of the considered distributions (K, Rayleigh, log-normal, and Weibull) to the S HH channel's magnitude for data takes TSX-4 and TSX-17, respectively, which correspond accordingly to high-SNR (16.3 dB) and low-SNR (3.7 dB) scenarios. Only the results for a specific single sub-AOI are shown, i.e., in this case, the data distributions are computed using all the azimuth samples for a specific single range bin. The distributions are plotted on a semilogarithm scale, i.e., the clutter is expressed in decibels, which, for calibrated data, refers to σ 0 (theoretical distribution fitting and parametric estimation done in the linear domain).
For TSX-4, in the small incidence angle region, K-distribution (dotted blue line with circle markers) fits best the data distribution (solid red line), particularly in the distribution's tail. This is crucial, for instance, in GMTI operation, since the tail's shape determines the detection threshold for a given false alarm rate. Weibull distribution shows good agreement with the data only for smaller σ 0 values, whereas the log-normal does not fit the data distribution. Similar results are obtained for the S VV channel. In the cross-polar channel S HV , the three distributions (K, Rayleigh, and Weibull) collapse to a complex Gaussian distribution mainly due to the noise impact. For TSX-17, the reduction in SNR, in comparison with TSX-4, leads to a major contribution of the thermal noise, which is translated into a more Gaussian-like data distribution. This behavior can be recognized from the statistical fitting in Fig. 3(b) , where the K-and Weibull distributions tend to a Rayleigh one, i.e., shape parameters v > 30 and β ≈ 2, accordingly. For the S VV channel, there is an increase around 3 dB in SNR compared with HH polarization, and K-distribution slightly departs from Gaussianity, fitting best the data.
A good metric that allows deciding whether the data under analysis are spikier or tend to a Gaussian distribution is the shape parameter of the K-distribution, i.e., v. In Fig. 4 , this parameter is shown as a function of incidence angle for the different data takes and copolar channels. 5 Blacknell's method has been used to estimate the shape and scale parameters of the K-distribution. Similar results have been obtained using the fractional moments method [23] .
In the S HH channel [see Fig. 4 (a)], and for incidence angles between 20
• and 33 • , the shape parameter v has a range of 3-10, with contained variation for each data take. For incidence angles greater than 36
• , the values of the shape parameter are above 10, with much higher dispersion, related to the reduction in SNR as incidence angle increases [see Fig. 2 (a) and Table II ]. This is quite evident for TSX-16 and TSX-17, where noise impact produces a variation on the shape parameter from 10 to 1000. For VV polarization [see Fig. 4(b) ], similar trends are observed, but in this case, the higher sea clutter returns in the high incidence region reduce the shape parameter dispersion on data take TSX-17, with values between 5 and 20. Comparing the shape parameters of the polarimetric channels, different values are obtained showing that the scalar product model (on which K-distribution is based) can be extended to a multivariative product model, associating an individual texture variable per polarimetric channel. For the cross-polar channels, high values of the shape parameter are obtained with a high dispersion due to the low sea backscattering contribution (close to NESZ).
One way to quantitatively evaluate the non-Gaussian behavior of the data is by computing the NIM of the nth order [8] , i.e.,
where Z refers to data intensity (or power), i.e., Z = Y 2 , being Y = |S i | the magnitude, and E{·} is the expectation operator. Values of the nth-order NIM above n! (Gaussian limit) are indicators of spiky data.
In general, and for the copolar channels, the estimated NIM (as a function of the estimated K-distribution shape parameter v) follows quite good the theoretical K-distribution NIM trend, for the third and fourth orders, when considering small to medium values of v (< 10), i.e., spikier clutter returns. Therefore, the compound model theory that supports the K-distribution is able to describe the mechanism, which results from a combination of Bragg scattering (from resonant capillary waves) and whitecap scattering originated from breaking waves [8] . The presence of the latter phenomena is known to increase the spikiness of the clutter returns [8] , associated to smaller values of v as observed for data takes with incidence angle below 30
• , with medium to high SNR conditions (> 10 dB), as indicated in Table II .
Analogously, the estimated third-and fourth-order NIM have been compared with the theoretical ones for Weibull and log-normal distributions. Weibull presents, generally, a worse matching with the theoretical trends for the copolar channels compared with the K-distribution. When considering a lognormal distribution fitting, a very poor matching between the estimated NIM and the theoretical ones is obtained. In summary, K-distribution provides good fitting for specific TSX acquisitions over the sea, particularly for low incidence angles, where SNR conditions are favorable (> 10 dB). In this region, the lowest values of the K-distribution shape parameter are obtained, indicating a much spikier behavior of the data, which can be also related to the higher contribution of breaking wave events, as analyzed in Section VI.
K-distribution is among one of the statistical distributions used to model and describe non-Gaussian statistics, based on the well-known compound model. Under this hypothesis, the complex signal can be characterized as a product between the square root of a random variable T (representing the texture) and an independent zero-mean complex Gaussian random process ("speckle"). In this sense, the computation of the socalled log-cumulants is very useful to evaluate the presence of texture, i.e., non-Gaussian statistics [9] . Such analysis is typically performed through the log-cumulant diagram [9] , [10] , where the second κ 2 (variance) and third κ 3 (skewness) logcumulants are plotted against each other. These log-moments are computed as [10] 
where m n is the log-moment of order n, i.e.,
n , where L intensity samples have been used. Fig. 5 shows the log-cumulant diagram for the three representatives acquisitions considered in Fig. 1 (from near to far incidence angle regions). These plans are covered by five (texture) distribution families, namely, Gamma (dash-dotted line modeling a K-distribution in amplitude), inverse Gamma (dashed black line), Beta (light gray shaded region), inverse Beta (gray shaded region on the right), and Fisher (region in between). The intersection point between these distributions corresponds to no texture at all, i.e., Gaussian statistics.
The results in Fig. 5 are in line with the previous statistical analysis: for TSX-4, in the near incidence angle region, the copolar channels lie higher up in the diagram compared with the cross-polar channels, indicating a deviation from Gaussian statistics (spikier response). As the incidence angle increases, the copolar channels move to lower regions in the diagram (less texturized). For TSX-17, with the highest incidence angle, VV has more texture compared with HH, as expected from the K-distribution shape parameter study.
VI. ANALYSIS OF THE POLARIMETRIC AND SCATTERING FEATURES

A. SAR Polarimetry
A polarimetric SAR (PolSAR) system measures the scattering matrix, which, for the monostatic case and on the Pauli basis, can be expressed in vectorial notation as
where (·) T refers to the transpose operator, and S i are the complex data of the ith polarimetric channel. The distribution of k is completely described by the Hermitian positive definite coherency matrix T = E{kk H } under the Gaussian assumption [25] , where (·)
H is the transpose and complex conjugate operator. The coherency matrix T is estimated from the data, such that the speckle noise is filtered. The maximum-likelihood (ML) estimator can be obtained as a spatial averaging (boxcaror multilook filter)
where L refers to the number of looks or samples employed in the estimation of T, and k i is the vector in the Pauli basis for the ith sample.
B. Features Definition
The main objective of the polarimetric study is to analyze the scattering properties of the sea surface observed by the highresolution X-band TSX sensor. This way, two different sets of polarimetric features are considered. First, the eigendecomposition of the coherency matrix allows extracting roll-invariant parameters, such as the entropy H, anisotropy A, and mean alpha angle α, as originally proposed by Cloude and Pottier [14] . H measures the randomness of the scattering mechanism, α provides physical information about the type of average scatter, and A (complementary to H) measures the relative significance of the second and third eigenvalues. The H/A/α features allow a physical interpretation of the PolSAR data, and thus, their correct estimation provides a reliable prediction of physical parameters [5] , [14] . This eigendecomposition-based analysis has been successfully applied over the oceans to determine polarimetric scattering mechanisms and for discrimination/ classification of different types of slicks [16] , [26] , [27] .
To complement the eigendecomposition-based analysis, additional polarimetric features exploiting the intensity of the copolarized channels have been used, based on the σ 0 model proposed by Kudryavtsev et al. [15] . As analyzed in [15] , [28] , and [29] , the Bragg theory is not fully able to explain and represent the backscattering from the ocean, due to the existence of sea spikes (in high-resolution radar data), which induce large deviations of observed PR compared with the theoretical Bragg one. This suggested that some mechanism supporting non-Bragg scattering and connected with breaking waves also contributes to the NRCS from the sea. The proposed NRCS model in [15] is a superposition (in linear units) of a regular sea surface, polarized component related to the Bragg scattering (σ 0B pp ), and surface areas with enhanced roughness produced by breaking waves, nonpolarized component linked to non-Bragg scattering (σ 0nB pp ), i.e., σ
It is assumed that the nonpolarized component is the same for both copolar channels.
As anticipated by several studies [15] , [28] , [29] , the contribution of the nonpolarized radar returns to the total NRCS can be considerable, mainly due to the presence of breaking waves. As suggested in [15] and [29] , the computation of the PR
is an indicator of the presence of significant wave breaking (PR ≈ 1), deviating from the PR for the Bragg component
VV . In this paper, p B is computed as the ratio between the perpendicular (B ⊥ ) and parallel (B ) 6 Bragg scattering coefficients according to [5] . It must be noted that the effect of slope of the long tilting waves on the NRCS is higher at the HH polarization than in VV, particularly at large incidence angles [15] , and hence, this could lead to an increase in PR not directly related to the breaking waves. Nevertheless, it is complicated to separate the effect of breaking waves from tilting waves, since, in the formation process of the former ones, there is a progressive increase of the slope (generation of a sloping wave front) correlated with a temporal increase of the surface roughness [16] . In this sense, further studies are required to carefully analyze the impact of both tilting and breaking waves, trying to separate both processes.
C. X-Bragg and Extended X-Bragg (X2-Bragg) Models
It has been generally assumed that the radar sea echo returns are mostly dominated by Bragg surface scattering; however, some depolarization has been observed, as noted in [16] , [26] , and [30] . Such nonpolarized returns have been found to significantly contribute to the sea backscattering due to breaking waves (increasing surface roughness), as analyzed in [15] , [28] , and [29] , particularly when increasing the frequency of operation (and thus the resolution) [15] .
Under these considerations, the application of the small perturbation model (SPM) for the polarimetric scattering analysis would be too simplistic, as its validity range is limited to small surface roughness conditions [5] . Therefore, the evaluation of the X-Bragg model, originally proposed by Hajnsek et al. [5] , seems to be more reasonable, since it is a two-component model, including a Bragg scattering term and a roughness induced rotation symmetric disturbance. This way, depolarization (nonpolarized components) and cross-polarized backscattering effects are included. As proposed in [5] and [16] , this can be obtained modeling the surface as a reflection symmetric depolarizer, randomly rotating the Bragg coherency matrix T about an angle β w.r.t. the local surface normal and averaging it over a statistical distribution p β (β). For a uniform distribution p β (β) with zero mean and width β 1 , the coherency matrix can be expressed by [5] 
where m s is the backscatter amplitude related to the surface roughness; sinc function refers to sinc(x) = sin(x)/x; and the coefficients C 1 , C 2 and C 3 can be expressed in terms of B ⊥ and B [5] . These coefficients depend on the incidence angle γ and the dielectric constant = − j . The latter can be obtained from the model developed by Klein and Swift [31] . The width of the distribution β 1 models the roughness disturbance of the surface and controls the level of cross-polarized power and the polarimetric (S HH + S VV )(S HH − S VV ) coherence [5] : for β 1 = 0
• (smooth surface), the cross-polarized Fig. 6 . PR of the X-Bragg (SNR Eq = ∞) and X2-Bragg models is represented as a function of the roughness β 1 parameter for different incidence angles γ and different noise conditions SNR Eq (an X-band system at 9.65 GHz, a sea temperature of 10 • C, and salinity of 35 • /•• are considered).
power is zero, and there is no depolarization effect (corresponding to the "pure" Bragg or SPM model); with increasing β 1 (increasing roughness), the HV term increases, and the (S HH + S VV )(S HH − S VV ) coherence decreases until 0 in the high roughness limit case of β 1 = 90
• (azimuthally symmetric surface). The breaking waves produce a temporal increase in the surface roughness [8] , [16] , and this could be related to an increase also in the β 1 term of the X-Bragg model. In fact, this model has been used to derive a description of the polarimetric behavior of a breaking wave, as presented in [16] . Therefore, it is interesting to evaluate the applicability of the X-Bragg model to SAR polarimetric sea data, which can be useful for future studies trying to invert some geophysical parameters of the ocean using polarimetric data.
The DRA acquisition mode [4] , employed to obtain fully polarimetric images with an along-track interferometric configuration, has a two-folded impact on measured data. On one hand, as the receive antenna is halved, a direct consequence is a reduction on the received gain, which translates into higher values of NESZ. On the other hand, the alternate transmission of horizontal and vertical polarizations in a pulse-by-pulse basis jointly with the along-track configuration (to receive simultaneously H and V) produces a temporal lag between different pairs of channels. The different polarimetric channels should be spatial aligned (coregistered), such that they observe the scene from the same positions but at different times. During this time lag, around τ coreg. = 1 ms for TSX S HH and S VV channels (or S HV and S VH ), the sea backscattered field decorrelates due to internal clutter motion. Typical decorrelation times of the sea are between 8 and 10 ms for wind speeds of 15 m/s down to 5 m/s, [32] . For an X-band system at VV, the temporal coherence ρ temp could be between 0.9 and 1.0 for a time lag around 1 ms, [32] . From the results presented in Section VI-D for TSX quadpol, it has been observed that both the noise level and the sea clutter temporal decorrelation should be accounted for in the X-Bragg model to properly characterize the sea clutter in polarimetric terms. Taking into account these issues, the X-Bragg model has been extended to the X2-Bragg model (extendedextended Bragg). The mathematical derivation of the X2-Bragg and a theoretical evaluation for different system/scenario conditions are presented in Appendixes A and B, respectively.
In Fig. 6 , the PR of the X-Bragg (SNR Eq = ∞) and the X2-Bragg is plotted as a function of β 1 for different incidence angles γ and effective 7 signal-to-noise ratio SNR Eq conditions (no temporal decorrelation has been considered). The horizontal lines correspond to the PR for Bragg components p B . It can be seen how the PR approaches p B for β 1 close to zero (pure Bragg) and increases to higher values as roughness condition increases, with a value of 1 for complete depolarized scattering. From [15] and [29] , this trend can be related to higher contribution of breaking wave events, which induce higher roughness conditions. It must be also noted that, as the noise contribution increases, there is also an increase in the PR, since the noise is a common nonpolarized term affecting both copolar channels. 7 Please refer to Appendix A for further details on the definition of this equivalent SNR Eq .
D. Experimental Results
An analysis of the scattering plots in the H/α plane has been carried out for the different data takes, without and with additive NF as proposed in [5] . Fig. 7 shows these 2-D distributions for the three representative data takes (near to far incidence, from left to right). Before NF, the dominant mechanism moves from low entropy surface scattering 8 at near incidence [see Fig. 7(a) ], passing by medium entropy surface scattering [see Fig. 7(b) ], ending up to high entropy region characterized by random anisotropic scatters [see Fig. 7(c) ], caused by the higher noise contribution. Comparatively, NF produces a reduction both in H and α, leading to a dominant scattering in the low entropy surface zone (H < 0.5 and α < 40
• ) for data takes with incidence angle below 36
• (e.g., TSX-4 and TSX-7). The distributions of the eigenvalues in Fig. 8 for the three reference data takes are a good visual indicator of the polarimetric mechanisms' evolution as a function of incidence angle. In Fig. 8 , the lowest eigenvalue (λ 4 ) has been also included since it provides information on the expected noise floor, such that the dominant mechanism's relative contribution with respect to the noise can be easily tracked. For TSX-4 [see Fig. 8(a) ], there is a clear dominant mechanism (λ 1 ), surface scattering, as observed from the α 1 distribution in Fig. 9(a) , centered around 5
• . As incidence angle increases, the first eigenvalue decreases. At the farthest available incidence angle (TSX-17) [see Fig. 8(c) ], no clear dominant mechanism is present, being the distributions of the eigenvalues closer to each other, such that a noise-like mechanism is expected in accordance with the σ 0 and statistical characterizations.
In general, the second mechanism almost keeps its relative strength w.r.t. noise floor independently of incidence angle. In Fig. 9 , where the distributions of the individual α parameters are shown, the related α 2 with a similar trend as α 3 lies between 70
• and 90
• . These values are representative of double-bounce scattering, less probable in the sea backscattering. Considering the X-Bragg model extension to account only for thermal noise impact, parameters associated to the second mechanism do not agree with the observations from experimental data: on one hand, α 2 corresponds to 90
• independently from β 1 and SNR Eq ; on the other hand, the expected level of λ 2 is much closer to λ 3 than that observed from real data. These considerations reinforce the need to include also the impact of sea clutter temporal decorrelation between the polarimetric channels (ρ temp ), intrinsically related to the DRA acquisition mode itself, as proposed in the X2-Bragg model and described in Appendixes A and B.
On top of the different H/α distributions in Fig. 7 , the classical X-Bragg model, as black triangles, and the extended model X2-Bragg, as magenta diamond symbols, are depicted for different values of β 1 (from 0
• to 90 • in steps of 15 • ). Standard deviations are also included for the X2-Bragg model (related to SNR Eq estimation from the data). Standard sea conditions have been assumed, i.e., 10
• C and 35
• / •• salinity. An important bias exists between the original X-Bragg model and the data, after and, in particular, before NF. For X2-Bragg, a much better matching between the theoretical model and the experimental data is obtained. For TSX-4 [see Fig. 7(a) ], a ρ temp of 0.95 provides a good matching between the theoretical extended model and the data before NF, whereas for TSX-7 [see Fig. 7(b) ], this value reduces to 0.90. In case of TSX-17 [see Fig. 7(c) ], a higher bias is recognized, and reducing ρ temp below 0.9 does not provide any additional improvement: from the theoretical analysis of the X2-Bragg model, higher clutter decorrelation does not increase entropy for regions with H > 0.6. Additive noise subtraction reduces entropy from 0.92 to 0.7, but the proposed extended model predicts an average alpha value below the one observed in the data. Therefore, there might be an additional mechanism contributing to this discrepancy, which is not considered in the X-Bragg model; additional measurements with higher SNR conditions should be analyzed to support this hypothesis.
The X2-Bragg model gets close to the centroid of the data distributions in H/α for values of β 1 different from zero, which means that no pure Bragg is being imaged, but there is a depolarized term contributing also to the backscattering. An increase in β 1 is related to higher surface roughness producing depolarization and an increase in the entropy. To complement the polarimetric study and gain additional insights into the nonpolarized contribution of the sea backscattering, the PR for the available quad-pol data takes is represented as a function of the incidence angle in Fig. 10 . The PR p B for the pure Bragg model is also included as solid black line.
Before NF [see Fig. 10(a) ], an important difference between the estimated PR and p B exists, which means that an important contribution of nonpolarized returns is present, probably related to breaking wave effects. Even for the high incidence region (above 36
• ), where Bragg scattering is expected to be dominant, as stated in [10] , an appreciable divergence between the PRs is observed (e.g., TSX-15 and TSX-17). Nevertheless, as pointed out throughout this paper, the reduced SNR conditions (≈3-4 dB) can explain this effect, since the thermal noise is also a nonpolarized component common to both copolar channels. This can be recognized from Fig. 10(b) , where the difference between PR and p B has been reduced for the high incidence angle region after NF. 9 9 In Fig. 10 , the images have been radiometrically calibrated before the application of any further processing, i.e., the NESZ has been subtracted (in linear units) from the calibrated digital pixels, as proposed in [18] . From these results, it can be seen that there is still some residual noise that should be filtered out and that quad-pol data provide the means to do so. Following the two-component NRCS model (Bragg/nonBragg) proposed by Kudryavtsev et al. [15] , the relative contribution of the non-Bragg component with respect to the total backscattered power for the S HH channel (σ 0nB /σ 0 HH ) has been computed, and it ranges from 50% to 90% (high to small incidence angles), whereas for VV, the figures (σ 0nB /σ 0 VV ) are around 20%-70%. These results are in line with the studies carried out in [15] and [29] . For TSX-3 and TSX-4, σ 0nB /σ 0 VV and σ 0nB /σ 0 HH have very similar trends close to the 90% of the total backscattered power. In this very case, with the smallest incidence angle (25 • ), specular returns may partially contribute to the non-Bragg scattering [10] , apart from possible breaking wave effects.
A fitting of the X-Bragg and X2-Bragg models to the measured PR has been carried out. After NF, β 1 values providing the minimum average error (between the models and the data) within each quad-pol acquisition are summarized in Table IV . As described in Section VI-B, an increase in β 1 is related to a roughness enhancement and thus a higher depolarized contribution. From Table IV , it can be generally stated that β 1 reduces as a function of the incidence angle in accordance to the decrease of the nonpolarized component. For the X2-Bragg model, β 1 corresponds to the average value for three different temporal decorrelation conditions assumed in the model (ρ temp = 1.0, 0.95, 0.90). Due to the presence of thermal noise and possible temporal decorrelations, the X-Bragg model overestimates the surface roughness, when compared with the proposed X2-Bragg model, particularly for the high incidence region (above 36
• ). 
VII. CONCLUSION
A signal-based characterization of the sea/ocean returns imaged by TSX sensor has been carried out exploiting 17 data sets, both dual-and quad-pol. The transversal study copes with radiometric, statistical, and polarimetric analysis of the experimental data. One of the goals of this paper is to provide additional insights into proper modeling and characterization of the sea clutter response when observed by TSX.
First, the different results indicate that, for the quad-polarized data over maritime scenarios, the thermal noise impact can be a limiting factor in the correct interpretation of the TSX data, particularly for the low sea backscattering regions (incidence angles above 36
• ). Second, taking into account the specific DRA configuration to acquire quad-pol data, the induced temporal decorrelation of the sea returns between the polarimetric channels (due to the along-track configuration) is an additional limiting factor that should be carefully considered. This effect, combined with the additional thermal noise decorrelation, needs to be properly accounted for when trying to fit polarimetric physical-based models to the experimental data, in order to avoid misinterpretation. In this line, this paper proposes a new modeling approach to include such system/scenario dependent limitations applied specifically to the X-Bragg model and concreted in the new X2-Bragg model.
The NRCS analysis shows that the semiempirical model XMOD2 provides a fair fitting to the measured σ 0 . Nevertheless, further studies are required to obtain a refined tunning of the XMOD2 coefficients from quad-pol TSX data sets for a wide range of sea conditions, ensuring that adequate calibration of the DRA mode can be accomplished.
Deviation from the Gaussian statistics for the TSX sea data is observed, when sufficient SNR is available and for small to medium incidence angles (below 36
• ). This means spikier returns and thus heavy-tailed amplitude distributions. The logcumulant analysis shows that, for TSX, the ocean has high texture due to the higher resolution of the sensor coupled with the higher operating frequency (higher sensitivity to surface roughness variation). These results are in line with the study of the PR, which indicates an important contribution of nonBragg scattering (depolarization), particularly for small incidence angles. As indicated in [15] , [28] , and [29] , the presence of breaking wave events, increasing surface roughness and producing spikier returns, can explain this high depolarized contribution. These nonpolarized returns tend to reduce as the incidence angle increases.
Exploiting the fully polarimetric information through the H/α plane indicates that, for small incidence angles, the dominant scattering mechanism corresponds to low to medium random surface. The proposed X2-Bragg model proves a quite good fitting to the data in the H/α plane. Therefore, the type of average mechanism and the relative strength between the involved scattering mechanisms can be well described by this model. In fact, since the X2-Bragg model, like the original X-Bragg, accounts for depolarization in the surface scattering, it is able to properly describe the presence of nonpolarized returns through the β 1 parameter (roughness measure). The fitting of the X2-Bragg to the measured PR indicates that there exists an important contribution of nonpolarized mechanisms (β 1 values are different from zero, i.e., pure Bragg). Comparatively, the X-Bragg model tends to produce an overestimation of the roughness (β 1 ) mainly due to the noise contribution. It has been also recognized that the fully polarimetric data can be exploited to apply an additive NF; otherwise, an overestimation of the PR and thus the roughness for both models is expected.
In summary, the study here presented shows that experimental quad-pol TSX acquisitions over the ocean have intrinsic system/scenario limitations (noise and temporal decorrelation), which should be carefully analyzed to avoid an erroneous interpretation of the polarimetric data. This paper sets the theoretical and analytical foundations to extrapolate the inclusion of such impacts to other physical-based scattering models, evaluating their effectiveness with experimental quad-pol data from current state-of-the-art polarimetric SAR sensors.
APPENDIX A X2-BRAGG DERIVATION
In the following lines, an extension of the X-Bragg model, referred as X2-Bragg, is presented to introduce the impact of both noise and temporal decorrelations, in a two-step procedure.
First of all, let us define an equivalent coherency matrix, which accounts for the noise perturbation as (analogous to the study in [19] )
where T refers to the expected coherency matrix related to the sea clutter, and the noise coherency matrix is diagonal N = σ 2 n I 3×3 . For simplicity, it has been assumed that the different polarimetric channels have uncorrelated additive circular complex Gaussian noise with the same power σ 2 n . From the previous considerations, and using a general formulation, (8) can be expressed as
where the normalized (to T 11 ) coherency matrix T is written as (11) such that the total coherence, based on a multiplicative model, is defined as ρ T . From the original X-Bragg model formulation in (7), the different parameters in (10) can be expressed as
From the previous relationships, the three polarimetric SNRs can be defined in terms of an equivalent SNR Eq as
in a way that, if SNR 1 is estimated from the data, the equivalent SNR Eq = m 2 s /σ 2 n can be inverted from the model and used to properly account for the thermal noise impact in the X-Bragg model fitting.
In multichannel adaptive array and GMTI theory, the impact of temporal decorrelation is known to cause an increase in the number of eigenvalues (of the clutter-plus-noise covariance matrix) different from the noise floor [3] . The X-Bragg model has been further extended to account for temporal decorrelation, in terms of an additional coherence coefficient ρ temp . It must be noted that this term cannot be directly introduced in matrix (10) since, from the DRA acquisition itself, the temporal decorrelation is between the individual polarimetric channels with some spatial or temporal baseline. This additional term should be considered in the covariance matrix C formulation. First, a transformation of the normalized coherency matrix T (10) into the covariance matrix is performed as
where the unitary transformation (L → P) from the lexicographic target vector to the Pauli vector is
Then, the additional coherence coefficient ρ temp is included as multiplicative term into the off-diagonal terms of C to obtain C . The normalized coherency matrix for the X2-Bragg model T can be obtained using a matrix transformation of C by means of U 3(L→P) , inversely analogous to the case in (14) .
APPENDIX B X2-BRAGG THEORETICAL EVALUATION
The sensitivity of the eigenvalues and α parameters as a function of SNR Eq for ρ temp = 1.0 and ρ temp = 0.95 is shown, respectively, in Figs. 11 and 12 , exploiting the theoretical coherency matrix formulation T of the X2-Bragg model. It has been assumed an X-band system (9.65 GHz), an incidence angle γ of 24.6 • [corresponding to the center of TSX-4 acquisition (see Table I )], and sea conditions of 10
• / •• salinity content. In Figs. 11(a) and 12(a) , the eigenvalue distribution is represented as a function of SNR Eq . The three eigenvalues collapse, regardless of β 1 and ρ temp , when reducing SNR Eq (< −10 dB), being the noise the dominant mechanism.
In case of β 1 = 0 • (smooth surface) and with increasing SNR Eq , the two smallest eigenvalues λ 2 (plus symbols) and λ 3 (dashed line) have the same decreasing trend when no temporal decorrelation is included [see Fig. 11(a) ]. Their contribution is 30 dB below λ 1 for SNR Eq > 20 dB, in which case SPM applies with a single dominant mechanism. This can be observed also from the averaged value α [dash-dot line with diamond markers in Fig. 11(b) ], which tends to α 1 (dashed line). As β 1 (roughness) increases, the cross-polar power increases; hence, more than a single dominant mechanism exist. For β 1 = 45
• and SNR Eq > 10 dB, the two smallest eigenvalues (asterisk symbols and dash-dot-dot line) start to diverge. In the limit β 1 = 90
• and with no additional temporal decorrelation, λ 2 (circle markers) and λ 3 (dotted line) have the same trend as a function of the effective SNR, since polarimetric coherence ρ 12 decreases to 0. Considering a temporal decorrelation of the sea ρ temp = 0.95, a general increase of the second eigenvalue can be recognized (for SNR Eq > 10 dB), comparing Figs. 11(a) and 12(a), particularly for β 1 = 0
• . In case of λ 3 , this behavior is also observed, but for β 1 ≥ 45
• . Contrary to the eigenvalues, the individual α parameters are almost unaffected by the presence of noise, as shown in Figs. 11(b) and 12(b) . Polarimetric decomposition considers the mean α, based on proper weighting of the individual α terms through the eigenvalues' probabilities [14] . As shown in Figs. 11(b) and 12(b) , the average α presents a large variation as a function of SNR Eq for different values of β 1 . In the limit, α tends to 60
• , such that the scattering mechanism lies in the extreme edge of region 2 of the Cloude-Pottier H/α, i.e., random noise, that is, no polarization dependence. Temporal decorrelation exchanges the behavior of the individual α 2 and α 3 parameters, comparing Figs. 11(b) and 12(b) , but does not affect the averaged values: when no temporal decorrelation is considered (ρ temp = 1), α 2 collapses to 90
• regardless of β 1 , and α 3 sweeps the values from 80
• to 90
• , whereas for ρ temp = 0.95, α 3 is 90
• for the different roughness parameters. Therefore, temporal decorrelation is not impairing the values of α parameters, but it is modulating the contribution of the different mechanisms, i.e., for ρ temp = 0.95, the cross-polar component (related to α = 90 independently from β 1 ) is no longer the second dominant scattering mechanism (as for ρ temp = 1).
The impact of both thermal noise and temporal decorrelation in the X2-Bragg model is also analyzed in the H/α plane, as represented in Fig. 13(a) and (b) for ρ temp = 1 and ρ temp = 0.95, respectively. Different incidence angles, corresponding to the center of data takes TSX-4 (24.6
• ), TSX-7 (30.5
• ), and TSX-17 (44.9 • ), are considered. The noise impact is translated into a progressive increase of both α and H as SNR Eq decreases. Moreover, the variation of the H/α pairs as a function of β 1 is reduced when the noise contribution increases. Temporal decorrelation produces similar effects, but its impact reduces as long as the entropy increases, clearly visible for the region with H > 0.6 when comparing Fig. 13(a) and (b) . A particular case in the H/α plane is recognized for SNR Eq = 0 dB, where the variation as a function of the incidence angle is reversed, i.e., the near range presents higher entropy values than the far range: as long as the noise contribution increases, the divergence between the two smallest eigenvalues (λ 2 and λ 3 ) reduces (increasing the entropy), and this effect is more severe for the near range. This relative separation is also a function of the roughness (β 1 ), which, for noisy near range scenarios, is quite flat. Such a response justifies the reduction on H as a function of β 1 for increasing noise, particularly at near range.
